A sophisticated new cell-culture system has shown that glial cells can promote synaptogenesis and enhance the efficacy of synaptic transmission. These effects are not secondary to increased neuronal survival but probably involve changes in neuronal activity levels and a secreted glial factor. Address Glial cells and neurons are intimately juxtaposed throughout the nervous systems of all higher animals. Some instances of functional partnership between glial cells and neuronssuch as the electrical insulator role of the myelinating Schwann cell -are very well understood, but most are only beginning to be explored. Many structural, biochemical and physiological clues have pointed to the synapse as a key site of glia-neuron interaction ([1-4] for example), but analytical tools for unravelling this particular mystery have been in short supply. Another very compelling perspective on the glia-neuron partnership came long ago from cell-culture experiments: the very survival of neurons in long-term cell culture has often appeared to require the presence of glial cells. There were suggestions that some unidentified diffusible factor (or factors) released by glial cells could account for such survival effects ([1] for example).
The dependence of neurons on glial factors for survival provides touching testimony to the importance of the glial cell, but survival effects have actually frustrated attempts to explore more subtle, but perhaps more interesting, phenomena, such as glia-neuron interactions at synapses. Happily, this situation has now changed. With recent progress in identifying trophic substances governing neural cell growth and differentiation, it has become possible to maintain some primary neuron types in defined culture media without glial cells. Pfrieger and Barres [5] have recently reported an elegant example of how such culture systems may now be used to shed light upon the subtler influences of glial cells. They have shown that the addition of glial cells to cultures of purified retinal ganglion cells can profoundly influence the formation and function of synaptic connections between neurons, without any discernible effect on neuronal survival.
Pfrieger and Barres [5] used an immunopanning method to purify retinal ganglion cells from the postnatal day eight rat retina, and maintained these cells in a serum-free medium supplemented with hormones, neurotrophins and forskolin, but lacking glial cells. After culture periods ranging from five to twenty days, the use of whole-cell patch electrophysiological methods revealed low levels of spontaneous electrical activity, and indicated that excitatory synaptic connections are made in these purely neuronal cultures. Electron microscopy provided additional evidence for the formation of synapses with apparently normal ultrastructure. The stage was now set to explore the effects of co-culturing glial cells with the retinal ganglion cells.
Glial co-culture was found to have a positive effect on numerous indices of synaptogenesis and synaptic function, even though effects on neuronal survival were negligible. Electron microscopy showed that glia more than doubled the numbers of synapses identifiable by ultrastructural criteria. Glia produced very large increases in the fraction of cultures exhibiting spontaneous excitatory postsynaptic currents (sEPSCs), and in the frequency and amplitude of sEPSCs observable by whole-cell electrical recording. A large fraction of these sEPSCs -especially in the neurons cultured with glia -were associated with action-potential firing, as they could be blocked by tetrodotoxin (so the sEPSCs should not be confused with the action-potential-independent, truly 'spontaneous' quantal release events which appear to be a basic characteristic of presynaptic function). The 'true' miniature excitatory postsynaptic currents (mEPSCs), as isolated in tetrodotoxin, were generally much smaller and less frequent than the sEPSCs, but glial co-culture nonetheless produced very large increases in mEPSC frequency and amplitude. Whole-cell recording during focal extracellular stimulation showed that glial co-culture also increased the fraction of cells showing evoked postsynaptic currents (eEPSCs) and the average amplitude of the eEPSCs.
Pfrieger and Barres [5] showed that certain effects of glial co-culture could be reproduced to some extent by maintaining purified retinal ganglion cells in medium previously conditioned by glial cultures. Media conditioned by either astrocytic or oligodendrocytic glial types were equally effective at enhancing sEPSC amplitudes and frequencies, although microglia-conditioned medium was not effective. These observations suggest that at least some of the glia-induced increases in synaptic activity levels may be mediated by diffusible factors released from the glial cells into the culture medium; alternatively, the glial cells might absorb some medium component hostile to synaptic efficacy. As the maximum effects of gliaconditioned medium on sEPSCs were only about one-half those in glial co-culture, it is possible that at least part of the effect requires intimate contact between glia and neurons. It remains to be seen whether glia-conditioned medium can reproduce the effects of actual co-culture on net synaptogenesis and on the frequency and amplitude of mEPSCs/eEPSCs.
The effects of glial co-culture outlined above permit several mechanistic conclusions. First, the clear enhancement of net synaptogenesis implies that glia either promote one or more of the many cellular processes involved in synapse formation, or retard processes of synapse elimination (or possibly both). There are a number of different aspects of synapse formation that could be the targets for this effect on synaptogenesis. They include: the cell growth and motility mechanisms that bring about the initial cell-cell contact; the cellsurface adhesion molecules necessary for sustaining those contacts and initiating the synaptic aggregation cascade [6] ; and the cytoskeletal and membrane targeting mechanisms involved in remodeling the cell-cell adhesion site into a synapse. Those steps in synapse remodeling, aggregation or adhesion that are reversible or continuously on-going are possible targets for the regulation of synapse elimination.
As glia enhanced most indices of synaptic function to an extent far greater than expected from the increase in synapse number, they must also have a direct, positive impact on the synaptic transmission processes (see also [3] ). The most definite mechanistic interpretation can be attached to the glia-induced increase in mEPSC amplitude. This increase could be explained by either an enhanced postsynaptic sensitivity to transmitter -almost certainly glutamate in this case -or an increased vesicular neurotransmitter content. As glial transporters are thought to play an important role in the uptake of synaptically released glutamate ( [7] for example), glial co-culture might enhance neuronal sensitivity to glutamate by maintaining ambient glutamate at low levels despite synaptic activity, and thus preventing glutamate receptor desensitization. Although such a mechanism could account for some of the reported effects [5] , it seems likely that the actions of glia-conditioned medium require a different explanation. It will be particularly interesting to see whether glia-conditioned medium can produce increases in mEPSC amplitude similar to those produced by glial co-culture.
The mEPSC frequency was increased in co-culture by a factor that greatly exceeded the increase in the number of ultrastructural synapses. This probably means that glia induce an increase in the rate of spontaneous quantal release events at individual presynaptic boutons.
Alternatively, glial co-culture might greatly reduce the fraction of postsynaptically 'silent' synapses ( [8] for example), perhaps without any effect at all on presynaptic function. For the latter explanation to be tenable, one would have to suppose that a substantial majority of the ultrastructural synapses in the glia-free cultures are functionally silent. New fluorescence imaging methods that exploit the dye FM 1-43 and allow direct determination of parameters of presynaptic function at unitary cultured synapses [9, 10] should be ideal for resolving this issue of whether the glial co-culture effects on synaptic function have a presynaptic or postsynaptic locus.
The largest effects of glial co-culture were those on sEPSC amplitude and frequency. Increases in these parameters were almost certainly due in large part to enhanced levels of spontaneous action-potential firing in the cocultures, as both were greatly reduced by tetrodotoxin treatment and they far exceeded the corresponding increases in mEPSC parameters. As patterned actionpotential firing is known to be capable of increasing both the numbers and the functional efficacy of synapses, a very interesting possibility arises: the effects reported by Pfrieger and Barres [5] could be secondary to an effect of glia on neuronal action-potential firing.
The effects of glial co-culture on evoked transmission were smaller than those on spontaneous activity levels, but nonetheless substantial. The fourfold enhancement of low-frequency eEPSC amplitudes seems about what one would expect from the approximately twofold increase in synapse numbers and mEPSC amplitude, assuming that the number of boutons per axonal arborization onto a given target neuron increases in proportion to overall synapse number. On the other hand, statistical analysis of transmission failures suggested that an additional glial enhancement of presynaptic function becomes operative at the higher stimulation frequencies [5] . Again, an analysis of presynaptic function at the unitary level, as should be possible using FM 1-43 imaging methods, may circumvent the difficulties posed by the uncertainty regarding the numbers of individual synapses involved in the gross eEPSC measurement.
While it may not come as a surprise to learn that the omnipresent glial cell enhances the development and function of synapses, Pfrieger and Barres [5] have achieved a breakthrough by developing an experimental system in which synapse-enhancing actions can be studied independently of survival-promoting effects. They have already provided important new insights regarding glial actions on the synapse, but like all good research breakthroughs, theirs raises many more new questions, and also opens doors for answers. One of the more obvious questions is the identity of the factor or factors responsible for the sEPSC enhancements by glia-conditioned medium. The questions noted above about how completely conditioned medium can reproduce the effects of glial co-cultures remain. It would be quite surprising to learn that direct cell-cell contact, and synaptic ensheathment and neurotransmitter uptake by glia make no difference to synaptic function! The discovery that net synaptogenesis, synaptic efficacy and spontaneous action-potential firing are all increased by glia [5] raises fascinating questions of causality and molecular mechanism. Does the increased action-potential firing cause the increased synaptic efficacy, or vice versa? Certainly effects of firing pattern on the efficacy of glutamatergic synapses are well precedented ( [11, 12] for example), and since neurons in these cultures are highly interconnected, it is likely that increased synaptic efficacy could lead to self-sustaining reverberations of network activity. Perhaps the most interesting question that now comes into focus is the relationship between the reported effects on net synaptogenesis and those on synaptic efficacy. Are the two classes of effect independent or do they share common molecular basis? Might the synaptogenesis effect reflect differences in rates of synapse formation and elimination such that the glially stimulated synapses are not only more numerous but also, on the average, older and more mature functionally? With cell-culture systems like that pioneered by Pfrieger and Barres, these fascinating topics are now open to fresh experimental attack.
